Traditional serrated adenoma is one type of colorectal serrated neoplasm and a precursor of colorectal cancer. We evaluated the pathologic and molecular features of 60 traditional serrated adenomas with cytologic dysplasia and/or invasive carcinoma. On the basis of morphological features, 16 cases (27%) were categorized as traditional serrated adenoma with serrated dysplasia and 25 cases (42%) as traditional serrated adenoma with conventional adenomatous dysplasia. In addition, 19 cases (31%) showed an overall tubulovillous adenomatous structure but with focal serrated feature. Traditional serrated adenoma with serrated dysplasia had a significantly higher frequency of BRAF mutation than traditional serrated adenoma with conventional adenomatous dysplasia and tubulovillous adenoma with serrated feature (P ¼ 0.006), whereas traditional serrated adenoma with conventional adenomatous dysplasia and tubulovillous adenoma with serrated feature had higher frequencies of KRAS mutation than traditional serrated adenoma with serrated dysplasia (Po0.0001). Only traditional serrated adenoma with serrated dysplasia showed sessile serrated adenoma-like lesions at the periphery (n ¼ 3) and developed invasive carcinomas when the lesions were o15 mm in size. Abnormal nuclear accumulation of b-catenin was detected in traditional serrated adenoma with conventional adenomatous dysplasia and tubulovillous adenoma with serrated feature but not in traditional serrated adenoma with serrated dysplasia. The frequency of the positive CpG island methylator phenotype was similar among the three dysplastic subtypes, and immunostaining of four mismatch repair proteins in the nucleus was retained in all traditional serrated adenomas and associated invasive malignancies. Traditional serrated adenoma-associated adenocarcinomas (n ¼ 28) displayed distinctive morphological features: oval cell nuclei, serrated glands, infiltrating borders, rare occurrences of necrosis and mucinous differentiation. Overexpression of p53 was detected only in high-grade dysplasia and invasive adenocarcinoma. Our findings indicate that traditional serrated adenoma is a heterogeneous neoplasm with two pathways of neoplastic progression, which are distinct from the sessile serrated pathway of colorectal carcinogenesis.
Traditional serrated adenoma is one type of colorectal serrated neoplasm and a precursor of colorectal cancer. We evaluated the pathologic and molecular features of 60 traditional serrated adenomas with cytologic dysplasia and/or invasive carcinoma. On the basis of morphological features, 16 cases (27%) were categorized as traditional serrated adenoma with serrated dysplasia and 25 cases (42%) as traditional serrated adenoma with conventional adenomatous dysplasia. In addition, 19 cases (31%) showed an overall tubulovillous adenomatous structure but with focal serrated feature. Traditional serrated adenoma with serrated dysplasia had a significantly higher frequency of BRAF mutation than traditional serrated adenoma with conventional adenomatous dysplasia and tubulovillous adenoma with serrated feature (P ¼ 0.006), whereas traditional serrated adenoma with conventional adenomatous dysplasia and tubulovillous adenoma with serrated feature had higher frequencies of KRAS mutation than traditional serrated adenoma with serrated dysplasia (Po0.0001). Only traditional serrated adenoma with serrated dysplasia showed sessile serrated adenoma-like lesions at the periphery (n ¼ 3) and developed invasive carcinomas when the lesions were o15 mm in size. Abnormal nuclear accumulation of b-catenin was detected in traditional serrated adenoma with conventional adenomatous dysplasia and tubulovillous adenoma with serrated feature but not in traditional serrated adenoma with serrated dysplasia. The frequency of the positive CpG island methylator phenotype was similar among the three dysplastic subtypes, and immunostaining of four mismatch repair proteins in the nucleus was retained in all traditional serrated adenomas and associated invasive malignancies. Traditional serrated adenoma-associated adenocarcinomas (n ¼ 28) displayed distinctive morphological features: oval cell nuclei, serrated glands, infiltrating borders, rare occurrences of necrosis and mucinous differentiation. Overexpression of p53 was detected only in high-grade dysplasia and invasive adenocarcinoma. Our findings indicate that traditional serrated adenoma is a heterogeneous neoplasm with two pathways of neoplastic progression, which are distinct from the sessile serrated pathway of colorectal carcinogenesis. Keywords: BRAF; colorectal cancer; CpG island methylator phenotype; KRAS; traditional serrated adenoma Traditional serrated adenoma is a rare type of serrated polyp that accounts for o1% of all colorectal polyps. 1 Traditional serrated adenoma constitutes one major category of serrated neoplasms and was initially termed 'serrated adenoma' by Longacre et al in 1990. 2 However, the terminology was confusing because it also included sessile serrated adenoma in previous literatures. 1, [3] [4] [5] The criteria for diagnosing traditional serrated adenoma were not standardized until the comprehensive work of Torlakovic et al in 2008. 6 Traditional serrated adenoma is characterized by its predominance in the left-sided colon, a villiform and protuberant growth pattern, serrated contours, and columnar lining cells with eosinophilic cytoplasm and oval to slender nuclei. 6 The feature more useful for differentiating traditional serrated adenoma from other serrated polyps is the presence of small ectopic crypts, which are not anchored to the muscularis mucosae. 1, 2, 6 Although traditional serrated adenoma shares some pathologic features with sessile serrated adenoma, 7, 8 and it is not uncommon to see a sessile lesion resembling sessile serrated adenoma in the periphery of traditional serrated adenoma, 7,9 traditional serrated adenoma differs from sessile serrated adenoma in many pathologic and molecular aspects. Traditional serrated adenoma displays a protuberant growth pattern and is detected more frequently in the left-sided colon, and 29-46% of traditional serrated adenomas harbor KRAS mutation, which rarely occurs in sessile serrated adenoma. 7, 10, 11 Sessile serrated adenoma is a recognized precursor of colorectal cancer with high levels of microsatellite instability, 1, 9 whereas traditional serrated adenoma is more likely to evolve into a colorectal cancer that is microsatellite-stable or has low levels of microsatellite instability. 1, 9, 11 Furthermore, the Wnt signaling pathway was shown to be activated in a subset of traditional serrated adenoma. 12 Thus, traditional serrated adenoma is a heterogeneous entity with partial molecular features of the sessile serrated pathway and the conventional adenoma-carcinoma sequence. 13 However, the genetic changes of traditional serrated adenoma carcinogenesis remain to be established.
Sporadic colorectal cancer with high levels of microsatellite instability are a prototype of the sessile serrated pathway to colorectal cancer and are considered to arise from sessile serrated adenoma. 1, 9 Microsatellite-unstable status is caused by epigenetic inactivation of the MLH1 via hypermethylation of the promoter CpG island. Recent data have suggested the existence of a second serrated pathway to colon carcinoma: the cancers in this subset of colon cancer are often microsatellite-stable or have low levels of microsatellite instability with either BRAF or KRAS mutation. 5, 9, [14] [15] [16] Some of the cancers in the second subset of colon cancers meet the morphological criteria of serrated adenocarcinoma, and serrated adenocarcinoma has been reported to develop from traditional serrated adenoma. 14 Thus, traditional serrated adenoma may represent a distinct serrated precursor in colorectal carcinogenesis with a unique molecular pathogenesis.
Two major patterns of cytologic dysplasia were reported in traditional serrated adenoma: serrated dysplasia and conventional adenomatous dysplasia. 1 However, the biological significance of these two morphological patterns is still unknown. Although some pathologists diagnose tumors with combined features as mixed hyperplastic/adenomatous polyps or mixed polyps with a description of the constituent components, 17, 18 mixed polyps have also been reported to share similar molecular changes and implicate morphological progression to malignancy. 13, 19 Jass et al 13 reported that traditional serrated adenoma with dysplastic epithelium resembling conventional adenoma displayed a high frequency of KRAS mutation, whereas Kim et al 7 linked this traditional serrated adenoma to a lower frequency of BRAF mutation. By contrast, no genetic changes were correlated to the dysplastic features of traditional serrated adenoma by Fu et al. 10 This discrepancy may be due to the use of different diagnostic criteria for classifying the two morphological patterns of cytologic dysplasia. Furthermore, some lesions have an overall tubulovillous adenomatous structure but a focally discernible traditional serrated adenoma morphology. This lesion is ambiguous in the current classification system because biological significance and molecular features are unknown.
In this study, we investigated a series of traditional serrated adenomas with cytologic dysplasia and/or adenocarcinomatous transformation focusing on the molecular genetics and the pathologic features of the traditional serrated adenomas. Our goal is to elucidate the heterogeneity in the geneticepigenetic events in, and the biologic uniqueness of, the neoplastic pathways leading from traditional serrated adenoma to colon cancer.
Materials and methods

Case Selection
We surveyed 4061 colorectal carcinomas resected from January 2005 to June 2013 at the National Taiwan University Hospital by reviewing the pathology reports. A total of 796 cases harboring residual precursor lesions were retrieved for slide review (by two pathologists, JH Tsai and Y-M Jeng), and 28 colorectal adenocarcinomas were identified as arising in conjunction with traditional serrated adenoma. We also included 32 more traditional serrated adenomas with cytologic dysplasia but without invasive cancer in this study. We followed the histological criteria proposed by Torlakovic et al 6 for diagnosing traditional serrated adenoma. Traditional serrated adenoma is defined as a precursor lesion with serrated contours and is covered by columnar epithelial cells with dense eosinophilic cytoplasm. 1, 6 The nuclei are slender and basal located. Two types of serration occur in traditional serrated adenoma: narrow indentations of the luminal border of the lining cells and concave depressions of the surface epithelium because of the formation of ectopic crypts. 9 Cases with a complex villiform architecture with bulbous projection and a sessile growth pattern in part of the tumor are included. Low-grade (mild and moderate) and highgrade (severe) dysplasia were classified based on both cytologic changes and architectural complexity. 1, 20 Two morphological patterns of cytologic dysplasia were recognized based on the criteria proposed by Goldstein: serrated dysplasia and conventional adenomatous dysplasia. 21 Traditional serrated adenomas with both serrated-type and conventional adenomatous dysplasia were grouped into traditional serrated adenoma with conventional adenomatous dysplasia. A third group of traditional serrated adenomas showing conventional adenomatous dysplasia in most parts of the tumor but with focal traditional serrated adenoma components was designated as tubullovillous adenoma with serrated feature.
The following pathologic features were recorded: maximal diameter of precursor lesions (measured on glass slides), characteristic features of colon cancer with high levels of microsatellite instability (pushing tumor border, peri-tumor Crohn-like reaction and tumor-infiltrating lymphocytes), luminal necrosis, mucinous differentiation in the invasive carcinoma 9, 22 and serration in the adenocarcinoma component. 1, 9, 23 Tumor location was divided as right side (cecum, ascending and transverse colon) and left side (descending, sigmoid colon and rectum).
This study was conducted according to the regulations of the Research Ethics Committee of National Taiwan University Hospital, and the specimens were rendered anonymous and evaluated in a blinded manner.
Immunohistochemistry
Tissue sections (5-mm thick) were cut from paraffin blocks and the slides were dewaxed and rehydrated. Antigens were retrieved by incubating the slides in Epitope Retrieval 2 solution (pH 9.0, Leica Biosystems, Newcastle, UK) at 100 1C for 10 min. Sections were stained on a Leica Microsystems Bondmax autostainer, according to the manufacturer's protocol. Primary antibodies against the following proteins were used: p53 (clone D07, 1:50; Dako Cytomation, Carpinteria, CA, USA), b-catenin (1:200; Dako Cytomation), MLH1 (clone ES05, pre-diluted; Leica Biosystems), MSH2 (clone 25D12, pre-diluted; Leica Biosystems), PMS2 (clone A16-4, 1:100; BD Pharmingen, CA, USA) and MSH6 (clone EPR3945, 1:100; Abcam, Cambridge, MA, USA). Labeling for b-catenin was defined as abnormal if membrane staining was lost or nuclear b-catenin expression was detected. Strong nuclear expression for p53 in 50% or more of the abnormal epithelium was considered a positive result. For mismatch repair proteins, the absence of nuclear expression in 450% of the tumor cells was defined as a negative result.
Molecular Analysis
The traditional serrated adenoma lesions including the dysplastic and non-dysplastic components from 10-mm paraffin sections were dissected using sterilized razors under a microscope. Genomic DNA was extracted using a QIAamp DNA FFPE Tissue Kit (Qiagen, Santa Clarita, CA, USA) according to the manufacturer's protocol. The samples were subjected to polymerase chain reaction, using pairs of primers encompassing exon 15 of BRAF: (5 0 -TCA TAATGCTTGCTCTGATAGGA-3 0 ) and 5 0 -GGCCA AAAATTTAATCAGTGGA-3 0 ; and exon 2 of KRAS: (5 0 -GAATGGTCCTGCACCAGTAA-3 0 ; and 5 0 -GTGTG ACATGTTCTAATATAGTCA-3 0 ). The amplified DNA fragments were purified and sequenced directly using an automated ABI 3730 sequencer (Applied BioSystems, Foster City, CA, USA).
CpG Island Methylator Phenotype
Five marker loci (p16, MINT1, MINT2, MINT31 and MLH1) were selected to evaluate their methylation status using the Methylight assay. Briefly, genomic DNA was treated with sodium bisulfite following the recommendations of the EZ DNA Methylation Kit protocol (Zymo Research, Orange, CA, USA). The normalization control reaction was based on methylation-independent measurement of Alu repeats. The methylation levels were measured for the five CpG island methylator phenotype loci in the samples and a constant reference sample were subjected to quantitative DNA methylation analysis. The percentage of methylated reference was calculated using the equation provided previously, 24 and loci were considered to be methylated if the percentage of methylated reference was 410. CpG island methylator phenotype was designated as positive if 3 or more of methylated loci were identified and negative in the cases with o3 methylated loci.
Statistical Analysis
Data were analyzed using SPSS 16.0 software (Chicago, IL, USA). Categorical variables were compared using the Pearson w 2 method and continuous variables were analyzed using Student's t-test.
Results
Morphological Subtypes of Traditional Serrated Adenoma with Neoplastic Progression
The 60 traditional serrated adenomas with cytologic dysplasia examined in this study were categorized into three morphological subtypes: traditional serrated adenoma with serrated dysplasia (n ¼ 16), traditional serrated adenoma with conventional adenomatous dysplasia (n ¼ 25) and tubullovillous adenoma with serrated feature (n ¼ 19). Components of traditional serrated adenoma (Figures 1a and b) were detected in all cases, but their percentage varied. The epithelium showing serrated dysplasia was composed of columnar cells with serrated contours, high nucleocytoplasmic ratio, open chromatin, irregularly thickened nuclear membrane and dense eosinophilic cytoplasm (Figure 1c) . High-grade serrated dysplasias harbored complex structural changes such as micropapillary protrusions, crowded ectopic crypts and cribriform bridging of glands, and occasionally displayed prominent nucleoli (Figure 1d) . The dysplastic components in traditional serrated adenoma with conventional adenomatous dysplasia were characterized by elongated and enlarged nuclei with nuclear pseudostratification, hyperchromasia and tubulovillous growth, reminiscent of conventional tubulovillous adenoma (Figure 1e ). Seven out of the 25 (28%) traditional serrated adenomas with conventional adenomatous dysplasia showed combined serrated and conventional adenomatous dysplasia. Cases of tubullovillous adenoma with serrated feature displayed an overall tubulovillous adenomatous dysplasia with recognizable traditional serrated adenoma components (Figure 1f) . The demographic and pathological data of traditional serrated adenomas with cytologic dysplasia are shown in Table 1 . No statistically significant differences were detected in age, sex or location among the three subtypes. All three subtypes of traditional serrated adenomas with cytologic dysplasia occurred preferentially in the leftsided colon. Thirty-five cases (58%) exhibited highgrade dysplasia and 28 cases showed invasive adenocarcinoma (47%). The mean sizes of the precursor polyps with and without the invasive carcinoma part were 21 and 14 mm, respectively (P ¼ 0.002). Interestingly, in cases with invasive carcinoma, the polyps in traditional serrated adenoma with serrated dysplasia were significantly smaller than polyps in the other two subtypes (P ¼ 0.023). The majority of traditional serrated adenomas with cytologic dysplasia (80%) showed a low pathologic tumor stage (pT0-T2), most likely because of the preserved precursor polyps being included in this study. Operative methods for the 60 cases were the following: right hemicolectomy, 15; low anterior resection, 9; left hemicolectomy, 1; endoscopic mucosal resection, 16; and polypectomy, 19.
Morphological Features of Invasive Carcinoma Arising from Traditional Serrated Adenoma
In the 28 invasive adenocarcinomas arising from traditional serrated adenoma, several characteristic pathologic features were observed (Table 1) . Tumor cells often showed oval or low columnar nuclei with an eosinophilic cytoplasm and at least a focally serrated morphology. Extracellular mucinous components were found in 46% of traditional serrated adenomas with invasive carcinoma (Figure 2a) . More than 90% of the invasive adenocarcinomas harbored infiltrating borders with small tumor nests in the invading edge (Figure 2b ). Tumor necrosis in 410% of the lesion was detected in only two cases (3%) and the prominent 'dirty' necrosis commonly seen in conventional colorectal carcinoma was not identified in any of the cases. Eleven out of the 28 cases (39%) were diagnosed as serrated adenocarcinoma by the morphological criteria of epithelial serration, abundant eosinophilic cytoplasm and o10% necrosis 9, 23 (Figure 2c) . The tumor cells of the serrated adenocarcinomas typically had vesicular nuclei with a condensed nuclear membrane and distinct single nucleoli (Figure 2d) . Three of the 11 cases were recognized as the mucinous type of serrated adenocarcinoma. The morphological features of colorectal cancer with high levels of microsatellite instability were detected in only a small subset of the traditional serrated adenomaassociated invasive carcinomas: peri-tumoral Crohnlike reaction (n ¼ 7), tumor-infiltrating lymphocytes (n ¼ 9) and pushing tumor border (n ¼ 3). None of the cases showed all three morphological features.
Immunohistochemical Analysis of Traditional Serrated Adenoma with Cytologic Dysplasia
Strong and abnormal nuclear immunostaining of p53 was detected in 19 cases (31%), and the staining was limited to areas of high-grade dysplasia and invasive growth (Figures 3a and b) . The aberrant nuclear expression of p53 did not differ among the three subtypes ( Table 2) . Loss of b-catenin staining at the cell membrane or the abnormal nuclear expression of b-catenin was detected in traditional serrated adenoma with conventional adenomatous dysplasia (n ¼ 2) and tubullovillous adenoma with serrated feature (n ¼ 2) but not in traditional serrated adenoma with serrated dysplasia (Figures 3c and d) . Mismatch repair proteins (MLH1, MSH2, PMS2 and MSH6) were diffusely expressed in nuclei in all cases including the invasive adenocarcinoma parts (Figure 3e ).
Molecular Features of Traditional Serrated Adenoma with Cytologic Dysplasia
BRAF and KRAS mutations were detected in a mutually exclusive manner in 35% and 52% of traditional serrated adenomas with cytologic dysplasia, respectively ( Table 2 ). The BRAF mutation frequency was highest in traditional serrated adenoma with serrated dysplasia (63%), lower in traditional serrated adenoma with conventional adenomatous dysplasia (36%) and lowest in tubullovillous adenoma with serrated feature (11%; P ¼ 0.006). By contrast, the KRAS mutation frequency was highest in tubullovillous adenoma with serrated feature (79%) and lowest in traditional serrated adenoma with serrated dysplasia (13%; Po0.0001). Of the seven cases of traditional serrated Modern Pathology (2014) 27, 1375-1385 Molecular pathways of traditional serrated adenoma adenomas with combined serrated dysplasia and conventional adenomatous dysplasia, one (14%) was wild type in both genes, three (43%) harbored the KRAS mutations and three (43%) had the BRAF mutations. No association was found between the predominant dysplasia pattern and KRAS or BRAF mutation status in these seven cases. The KRAS mutation rate of traditional serrated adenomas showing combined dysplastic features was more similar to traditional serrated adenoma with conventional adenomatous dysplasia group than to traditional serrated adenoma with serrated dysplasia group. Sessile serrated adenoma-like morphology was detected at the edges in three cases of traditional serrated adenoma with serrated dysplasia. Interestingly, all the three cases harbored the BRAF mutation. Positive CpG island methylator phenotype status was identified in 57% of the traditional serrated adenomas with cytologic dysplasia and its prevalence did not differ among the three subtypes (P ¼ 0.544).
Characteristics of Molecular Pathology of Traditional Serrated Adenoma with Invasion
We compared immunohistochemical and molecular features of traditional serrated adenoma with and without invasive carcinoma (Table 3) . Presence of p53 overexpression was significantly associated with invasive carcinoma (P ¼ 0.004). The four cases with abnormal nuclear expression of b-catenin harbored components of invasive malignancies. In contrast, mutations of KRAS, BRAF and CpG island methylator phenotype status were not correlated with the presence of invasive carcinoma.
Discussion
In this study, we collected a large series of traditional serrated adenomas with cytologic dysplasia and correlated the morphology of the dysplastic lesions with their immunohistochemical and molecular features. Although malignant transformation has been observed in traditional serrated adenomas, 5,7,14,23 the molecular and morphological details have not been described and the distinction from sessile serrated adenoma has not been addressed. Activation of the mitogen-activated protein kinase (MAPK) pathway, by either KRAS or BRAF mutation, was reported in 75 to 84% of traditional serrated adenomas 7, 10 and was detected in approximately 87% of the traditional serrated adenomas with cytologic dysplasia in this study. Activation of MAPK signaling represents one of the most frequent molecular derangements in early tumorigenesis of traditional serrated adenoma. 9 Overexpression of p53 is commonly observed in traditional serrated adenoma with cytologic dysplasia, especially in areas of high-grade dysplasia and invasive carcinoma. Abnormal Molecular pathways of traditional serrated adenoma nuclear accumulation of p53 is associated with missense mutation in p53, 5,25,26 a tumor-suppressor gene that is typically disrupted late in the multistep carcinogenesis in the conventional adenoma-carcinoma sequence. 1 Inactivation of p53 in traditional serrated adenoma may serve as a tool to break ras or raf activation-induced cell senescence and cell cycle arrest. 27, 28 The correlation of immunoreactivity of p53 with high-grade dysplasia and invasive carcinoma indicates that p53 expression is a late event in the stepwise oncogenic process that occurs after the activation of the MAPK pathway in traditional serrated adenoma. The four mismatch repair proteins (MLH1, MSH2, PMS2 and MSH6) were retained in all cases of traditional serrated adenomas with cytologic dysplasia, including those with invasive malignancy. Loss of immunostaining for mismatch repair proteins is a reliable test for microsatellite instability in colon cancer. 22 Thus, our results suggest that most, if not all, colon cancers arising from traditional serrated adenoma were microsatellite-stable or had low levels of microsatellite instability, which agrees with the observations that traditional serrated adenoma is a precursor polyp of colon cancers with stable/low levels of microstallite instability and that MLH1 is rarely methylated in traditional serrated adenoma. 1 However, this is in contrast with sessile serrated adenoma, which frequently shows loss of immunostaining for mismatch repair proteins in the invasive part of the tumor. 29 Therefore, the traditional serrated adenoma pathway is distinct from the sessile serrated pathway and serve as an alternative route in serrated carcinogenesis. Consistent with these findings, we found that traditional serrated adenoma-associated carcinomas showed no combined characteristics of microsatellite-unstable colorectal carcinomas, such as a pushing border, a peri-tumoral Crohn-like inflammatory infiltrate and tumor-infiltrating lymphocytes, 9, 22 but instead displayed the unique features of serrated configuration, oval nuclei, infiltrating tumor border, rare occurrences of necrosis and frequent mucinous differentiation. Thus, many of the invasive carcinomas in our series were diagnosed as serrated adenocarcinomas. Most serrated adenocarcinomas examined previously were microsatellite-stable or had low levels of microsatellite instability with KRAS or BRAF mutation, 14, 23 which are molecular features similar to those of the traditional serrated adenomas with cytologic dysplasia studied here. Traditional serrated adenoma is therefore likely to be a precursor of serrated adenocarcinoma.
A key finding of this study was that the two morphological patterns of the cytologic dysplasia of traditional serrated adenoma had distinct features: traditional serrated adenoma with serrated dysplasia was highly associated with the BRAF mutation and a smaller polyp size, whereas traditional serrated adenoma with conventional adenomatous dysplasia and tubullovillous adenoma with serrated feature harbored the KRAS mutation and were larger. Jass et al 13 also observed that traditional serrated adenomas and mixed polyps with serrated features of dysplasia (designated as 'group A' in their study) were associated with the BRAF mutation, whereas conventional adenomatous dysplasias ('group B') were highly associated with KRAS mutation. Kim et al 7 observed a considerably lower rate of BRAF mutation in traditional serrated adenomas with conventional adenomatous dysplasia. The KRAS mutation was closely related to villous growth in colon adenomas, 30, 31 and thus the mutation may confer a potential of protuberant growth, larger size and adenomatous dysplasia in traditional serrated adenoma. Interestingly, aberrant nuclear expression of b-catenin was detected in traditional serrated adenoma with conventional adenomatous dysplasia/tubullovillous adenoma with serrated feature but not in traditional serrated adenoma with serrated dysplasia. These findings suggest that traditional serrated adenoma with KRAS mutation developed conventional adenomatous dysplasia followed by the activation of the Wnt pathway and p53 derangement, similar to the conventional adenoma-carcinoma sequence.
Conversely, traditional serrated adenomas with BRAF mutation more commonly acquired serrated dysplasia than other traditional serrated adenomas, and our collection of traditional serrated adenoma with serrated dysplasia developed invasive carcinomas in tumors that were significantly smaller than in the other subtypes. The occurrence of invasive carcinoma in smaller lesion is similar to the rapid malignant change observed in sessile serrated adenoma with cytologic dysplasia. 1, 32 We did not detect a higher frequency of traditional serrated adenoma with serrated dysplasia in traditional serrated adenoma-associated carcinomas. A possible explanation is that traditional serrated adenomas with serrated dysplasia developed invasive carcinomas when the polyps were small and were easily overgrown by the cancer, and thus were poorly detected. This possibility is supported by the observation that colon cancers with KRAS mutation are more likely to have a contiguous polyp than cancers with BRAF mutation. 33 In this study, we observed three traditional serrated adenomas with serrated dysplasia showing sessile serrated adenomalike lesions in the periphery, and BRAF was mutated in all cases. Whether traditional serrated adenomas were transformed from sessile serrated adenomas remains unclear. However, the traditional serrated adenoma with serrated dysplasia in our collection differs from sessile serrated adenoma by the predominance in the left-sided colon and the lack of potential to develop microsatellite-unstable colon cancer. The occurrence of invasive carcinoma in smaller lesion in traditional serrated adenoma with serrated dysplasia raises clinical concerns regarding the precise classification of traditional serrated adenoma according to the dysplastic pattern exhibited. When traditional serrated adenoma undergoes nearly complete adenomatous change, they may be undetected in daily routine clinical practice. In our study, tubullovillous adenoma with serrated feature was defined to have an appreciable traditional serrated adenoma component. Tubullovillous adenoma with serrated feature had 10% BRAF mutation rate, had a high frequency of KRAS mutation and positive CpG island methylator phenotype. Nuclear staining of b-catenin was detected in both tubullovillous adenoma with serrated feature and traditional serrated adenoma with conventional adenomatous dysplasia, which showed no marked disparities in their molecular phenotypes, and two serrated adenocarcinomas were in continuity with tubullovillous adenoma with serrated feature. These findings suggest a morphological and molecular spectrum between tubullovillous adenoma with serrated feature and traditional serrated adenoma with conventional adenomatous dysplasia. Another possible interpretation is that tubullovillous adenoma with serrated feature is merely a conventional tubulovillous adenoma with focally serrated changes. However, the positive CpG island methylator phenotype status and BRAF mutation are rarely detected in conventional adenomas. 8, 34, 35 Thus, our findings suggest a close association of tubullovillous adenoma with serrated feature with traditional serrated adenoma with conventional adenomatous dysplasia.
In summary, our data indicated that traditional serrated adenoma developed malignancy through two pathways (Figure 4 ). Traditional serrated adenoma with a KRAS mutation is more likely to develop conventional adenomatous dysplasia and activation of Wnt pathway whereas traditional serrated adenoma with a BRAF mutation usually progresses into serrated dysplasia. Adenocarcinomas arising from traditional serrated adenomas and sessile serrated adenomas displayed distinct pathological and molecular features. Thus, traditional serrated adenoma-associated carcinomas, which account for a certain fraction of colorectal cancers with KRAS or BRAF mutation and colorectal cancers with stable/low levels of microstallite instability, represent a unique serrated pathway of colorectal carcinogenesis.
